Molecular Neurobiology (2021) 58:3388–3404
https://doi.org/10.1007/s12035-021-02348-3

Microglia Biomarkers in Alzheimer’s Disease
Peng-Fei Zhang 1 & Hao Hu 1 & Lan Tan 1 & Jin-Tai Yu 2
Received: 29 November 2020 / Accepted: 3 March 2021 / Published online: 12 March 2021
# The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract
Early detection and clinical diagnosis of Alzheimer’s disease (AD) have become an extremely important link in the prevention
and treatment of AD. Because of the occult onset, the diagnosis and treatment of AD based on clinical symptoms are increasingly
challenged by current severe situations. Therefore, molecular diagnosis models based on early AD pathological markers have
received more attention. Among the possible pathological mechanisms, microglia which are necessary for normal brain function
are highly expected and have been continuously studied in various models. Several AD biomarkers already exist, but currently
there is a paucity of specific and sensitive microglia biomarkers which can accurately measure preclinical AD. Bringing microglia
biomarkers into the molecular diagnostic system which is based on fluid and neuroimaging will play an important role in future
scientific research and clinical practice. Furthermore, developing novel, more specific, and sensitive microglia biomarkers will
make it possible to pharmaceutically target chemical pathways that preserve beneficial microglial functions in response to AD
pathology. This review discusses microglia biomarkers in the context of AD.
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Introduction
Alzheimer's disease (AD) is the most common cause of dementia, and it is thought to begin 20 years or more before
symptoms arise, including three broad phases: preclinical
AD, mild cognitive impairment (MCI) due to AD, and dementia due to AD [1]. The primary pathological hallmark of AD is
the aggregation of amyloid β (Aβ) into extracellular plaques
and hyperphosphorylated tau into intracellular neurofibrillary
tangles (NFT), accompanied by neuroinflammation and synaptic loss [2]. AD has a slow, insidious, and uncertain progression, and what may be worse is that people aged 65 and
older survive an average of 4 to 8 years after diagnosis [1].
Therefore, early diagnosis is essential to treat AD and improve
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the quality of AD patients’ life. With the continuous
upgrading of diagnostic criteria for AD, the 2011 revisions
incorporated clinical, neuropsychological, neuropathological,
genetic, and biological characteristics of AD [3]. The main
change was integrating fluid and imaging biomarkers to capture AD in the prodromal stage, which is expected to enhance
the pathophysiological specificity of the diagnosis of AD dementia. In 2018, The National Institute on Aging and
Alzheimer’s Association (NIA-AA) updated the 2011 guidelines with new understanding of biomarkers. New research
framework focuses on the diagnosis of AD with biomarkers
which are grouped into Aβ deposition, pathologic tau, and
neurodegeneration [AT(N)] in living people [4]. In this framework, the use of biomarkers is coordinated across the disease
continuum. Importantly, it facilitates standardized reporting of
research findings in defining and staging the disease.
Although the new research framework attempts to accommodate the complicatedness of AD, the same simple causal
chain, A →T →N, is inadequate. Fortunately, the AT(N) system is flexible in that new biomarkers can be added to the
three existing AT(N) groups, and new biomarker groups beyond AT(N) can be added when they become available. In the
current knowledge of AD, microglia are the most promising
candidates for developing new biomarkers. Microglia are the
primary immune cells of the central nervous system (CNS)
and they play a key physiological role in maintaining CNS

Mol Neurobiol (2021) 58:3388–3404

homeostasis [5]. Microglia potentially have a major role in
expression of AD risk genes [6]. A recent protein coexpression analysis showed that microglial biology is a likely
causal driver of AD pathogenesis [7]. Microglia have been
closely linked to Aβ accumulation, tau pathology, neuroinflammation, and synaptic loss in AD [8]. They also have beneficial characteristics, remarkably in the phagocytic elimination of Aβ. Therefore, a deficit in their beneficial functions
can exacerbate amyloidosis and tau pathology, resulting in
subsequent progression of AD. Importantly, microglial activation usually occurs in the early stages of pathological
changes, which may improve the accuracy of early diagnosis
of AD [9]. So far, biomarkers of microglia are not yet widely
accepted. As a consequence, there is an urgent need to add
microglia to the biomarker scheme considering its important
role in AD pathology.

Role of Microglia in AD
As the main immune cells in CNS, microglia react to homeostatic changes in stress and neurodegeneration, which determines the overall outcome of the brain's capacity to respond to
these alterations [10]. Remarkably, the homeostasis imbalance
of microglia may lead to altered physiological functions,
which could increase the risk of neurodegenerative disease.
Hence, microglia are proposed to play an important role in
linking the adverse effects of chronic stress with the onset
and progression of AD (Fig. 1) [8]. To date, Aβ pathology
has been widely accepted as a trigger of the pathological cascade in AD. Oligomeric Aβ triggered microglial migration
and clustering around Aβ-bearing brain regions, which potentially contributed to the barrier function of microglia to compact and remove the plaques [11]. It is important to emphasize
that Aβ dimer oligomers (one kind of Aβ oligomer) were
necessary to trigger microglial activation [12]. Importantly,
the interactions between Aβ and microglia were mediated
by triggering receptor expressed on myeloid cells 2
(TREM2). TREM2 is a receptor expressed on the surface of
microglia, which plays important role in regulating Aβ degradation. TREM2 could directly bind to Aβ and bring it to the
lysosome of microglia for degradation [13]. The recycling of
TREM2 from internalized endosomes to the membrane required LC3/GABARAP-family proteins-associated endocytosis, which facilitated Aβ clearance and mitigated neurodegeneration [14]. Meanwhile, several studies had shown that the
expression of TREM2 gene could change the response of microglia to Aβ. Elevated TREM2 gene dosage could mediate
microglia reprogramming, reduce neuropathology, and improve cognitive performance in AD mouse models [15]. In
contrast, R47H (a TREM2 gene variant) impaired the expression of TREM2 [11] or compromised interactions between
Aβ and TREM2 [16]. Furthermore, homozygous or
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heterozygous loss of TREM2 also impaired the ability of microglia to clear Aβ [17]. It is worth noting that the loss of
functional TREM2 in microglia not only led to decreased
microglial clustering and increased Aβ seeding but also reduced the levels of plaque-associated apolipoprotein E
(APOE) [18]. APOE is a major genetic risk factor for AD.
There is convincing evidence that APOE shared a common,
general co-expression network with other risk genes including
gene encoding the enzyme phospholipase-C-γ2 (PLCG2),
and TREM2 [19]. APOE was upstream of PLCG2 activating
nuclear factor-kB (NF-kB) [19] but downstream of TREM2
[20], suggesting that there is a TREM2-APOE-PLCG2-NFkB signaling cascade. Also, stimulated NF-kB signaling could
elevate the expression of ten-eleven translocation 2 (TET2) in
microglia, which played an important role in the inflammatory
response [21]. Hence, microglia can clear Aβ, but it can also
induce the action of NF-kB by interacting with Aβ.
Apart from Aβ pathology, tau pathology is relevant to the
progression of AD. Tau pathology contributed to transcriptome perturbation by disrupts spliceosome activity [22]
and disrupted nucleocytoplasmic transport [23] in AD, which
aggravated neuronal damage and neurodegeneration.
Furthermore, tau pathology diversity could explain amount
of clinical heterogeneity in AD [24]. Microglia also have a
tight association with tau pathology in AD. On one hand,
microglia can respond to abnormal tau pathology in AD.
Genome-wide RNAseq study found that changes in microglial
TREM2 expression drove the activation of the key innate
immune pathway responding to pathological tau accumulation [25]. Considering the role of TREM2 in clearing Aβ, it
might be that TREM2 facilitates microglia to prevent tau pathology. Consistently, TREM2 could inhibit tau seeding and
spreading in the early stage of tau pathology [26, 27].
However, TREM2 exacerbated tau pathology and taumediated neuron damage in the progressive and late stages
of tau pathology [28–30]. These studies suggest that
TREM2 may play a beneficial role in early stages and harmful
role in late stages. Although the detailed mechanism of the
interaction between TREM2 and tau is still unclear, the consensus is that TREM2 has an important role in microglial
response to tau. On the other hand, tau pathology interferes
with the normal physiological function of microglia in CNS.
Aggregated tau, especially tau oligomers and monomers, activated microglial NLRP3 (NLR family, pyrin domain containing 3) inflammasome which consists of NLRP3,
apoptosis-associated speck-like protein containing a caspase
recruitment domain (ASC), and caspase-1 [31]. In the presence of caspase-1, pro-interleukin (IL)-1β was cleaved to the
mature IL-1β [32]. Therefore, NLRP3 inflammasome activation could induce microglia to release abundant IL-1β which
damaged neurons and exacerbated tau pathology [31].
Exacerbated tau pathology suggested that a vicious circle of
tau→NLRP3→tau was eventually formed [33]. There is
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Fig. 1 Interaction between microglia and pathology of Alzheimer’s
Disease. One half of the microglia is blue and the other half is orange,
which respectively represent beneficial and harmful role in interacting
with AD pathology. Microglia can engulf Aβ by LC3-associated
endocytosis. Then, intracellular TREM2 is transported to the surface of
the membrane. The binding of Aβ and TREM2 can initiate the
downstream APOE-PLCG2-NF-kB signal pathway and eventually lead
to the upregulation of NF-kB. Pro-IL-1β activated by NF-kB will be
transformed into IL-1β under the action of caspase1. IL-1β aggravates

tau pathology of neurons, which is accompanied by activation of the
complement system. Microglial activation caused by the complement
system aggravates damaged neurons. Increased tau strongly activates
NLRP3 inflammasome, which further leads to formation of ASC
specks and activation of caspase1. The binding of ASC and TREM2
hinders the clearance of Aβ by microglia. Microglial pyroptosis caused
by caspase1 also releases a large amount of ASC. Furthermore, caspase1
may cleavage PPARγ, downregulate the expression of ABCA1, and
eventually cause intracellular CE accumulation

evidence that in the absence of microglia, the progression of
tau pathology was halted [34]. In addition to damaging neurons via microglial IL-1β, tau also can induce microglia to
engulf synapses. And this process has a connection with the
complement system. A striking example is that tau induced
the accumulation of complement C1q to tag synapses, which
stimulated microglia to engulf synapses [35]. Meanwhile, activating complement-3a receptor1 increased microglial migration and phagocytosis in 5xFAD mice [36]. Another study
found that increased levels of C1q in synapses induced by
tau pathology may link to neuronal adenosine A2A receptor
[37]. In summary, tau may be the main reason for microglia to
produce harmful effects in AD progression.
Special focus should be given to NLRP3 inflammasome which
plays an important role in neuroinflammation. In AD, one reason for
assembly of NLRP3 is impaired NLRP3 degradation performed via
beclin1-driven autophagy [38]. The other reason is NLRP3
inflammasome activation in microglia. NLRP3 inflammasome activation induces the formation of ASC specks. Outside the cell,
ASC-Aβ binding was shown to prevent microglia-mediated Aβ
clearance [39]. In the cell, ASC specks could active caspase-1 which
induced pyroptosis of microglia [39]. And microglial pyroptosis

released a mass of ASC, which induced a vicious circle [39]. In
AD, microglial peroxisome proliferator-activated receptor γ
(PPARγ) levels and functions were impaired, which reduced the
expression of APOE and ATP-binding cassette transporter A1
(ABCA1) [40]. The decrease of APOE and ABCA1 reduced cholesterol efflux, which accounted for cholesteryl ester (CE) accumulation in microglia [41]. Importantly, caspase-1 could cleave
PPARγ [42] and regulate the degradation of PPARγ in adipocytes
[43]. Therefore, increased caspase-1 which results from the action of
NLRP3 may account for the decreased level of PPARγ. Although
Aβ might be a trigger of the disease, NLRP3 inflammasome activation determines whether microglia play a protective or harmful
role in the pathological progression of AD. Considering that APOE
and TREM2 are the most attractive molecular targets in AD,
untangling the relationship between NLRP3 inflammasome activation, APOE, and TREM2 will be of great significance in the future.

Fluid Biomarkers in AD
Fluid biomarkers are usually obtained from CSF or blood (Fig.
2). The ideal fluid biomarker for AD should include several basic

Mol Neurobiol (2021) 58:3388–3404

characteristics, such as non-invasive, simple to measure, reproducible, and reliable [44]. CSF or blood provide a way to detect
some biomarkers which cannot be identified via neuroimaging.
Several biomarkers can be detected in same sample to reflect
different pathophysiological mechanisms. Furthermore, fluid
biomarkers have potential to be implied in clinical trials.
However, fluid biomarkers are unable to reflect pathologic
changes in specific brain regions. And accurate measurement
of fluid biomarkers is influenced by the sample.

CSF Biomarkers
Given the direct interaction between CSF and the extracellular
space of the brain, CSF is a reasonable source for the development of effective microglia biomarkers [45]. CSF has advantages in the concentration and specificity of biomarkers
(Table 1). Also, heterophilic antibodies (endogenous antibodies that bind assay antibodies), which may give falsely high or
low results, have low concentrations in CSF. Collection of
CSF by lumbar puncture is performed by a trained doctor.
This imposes some restrictions on the development of CSF
biomarkers, including relative invasiveness and limited
acceptability.

Fig. 2 Fluid and imaging microglia biomarkers in Alzheimer’s Disease.
Microglia reactivity in AD can be assessed by fluid biomarkers (blood
and CSF) and neuroimaging techniques (PET and MRI). [11C]-NE40,
[11C]-5, and [11C]-CPPC PET detect alterations in CB2R, P2RY12, and
CSF1R, both located in the outer cellular membrane, respectively. [11C]-
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Soluble TREM2 (sTREM2)
TREM2, mainly expressed on the surface of microglia, undergoes regulated proteolytic cleavage by a disintegrin and
metalloproteinase (ADAM) 10 and ADAM17 at H157–S158
peptide bond, which results in the liberation of sTREM2
[106]. Firstly, some studies found that AD risk gene affected
CSF sTREM2 levels. In terms of TREM2 gene variants,
rs7748513 was found to be associated with increased CSF
sTREM2 levels [46]. Another study found that carriers of
the R47H variant had higher CSF sTREM2, and carriers of
the L211P had lower CSF sTREM2, compared to non-carriers
[47]. Furthermore, rs7232 (a variant of membrane spanning 4domains A6A gene) was associated with CSF sTREM2 levels
especially in non-demented individuals [54]. However, there
was no difference in CSF sTREM2 concentration between
APOE ε4 carriers and noncarriers, suggesting that CSF
sTREM2 does not depend on the APOE ε4 status [46, 107].
All of the subjective cognitive decline (SCD), MCI, and AD
cases had increased CSF sTREM2 levels, compared to normal
controls [51]. In the early stages of early-onset AD (EOAD)
progression, sTREM2 increased before the expected symptoms appear, but after amyloidosis and neurodegeneration
[108]. There is considerable evidence of an association between sTREM2 levels and AD pathology. CSF sTREM2

PK11195 PET detects alterations in TSPO located in the outer
mitochondrial membrane. Most of the biomarkers in blood and CSF
can be detected by ELISA. Iron deposits and brain volume change can
be detected by MRI
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A summary of levers change, correlations, advantage and limitation of microglia biomarkers

Biomarkers
CSF
sTREM2

Levels change

Correlations (±)

Advantage and limitation

Increased in AD patients[46–50]
Increased in SCD, MCI, and AD[51]

Aβ pathology (-)[46–48, 52,
53]
tau pathology (+)[46–49, 52]
AD risk allele (+)[46, 54]
cognitive decline (-)[50]
cortical and hippocampal
volume (-)[55]
cognitive functions (+)[57,
58]
t-tau (+)[51] p-tau (+) [59]

• Best reflect the processes in the CNS
• Exposure to invasive lumbar
puncture
• Only low quantities can be obtained
• Difficult to measure different
timepoints

CX3CL1

Decreased in AD patients[56]

PGRN

No change in AD[60, 61]
Increased in AD[62, 63]

Aβ plaques (+)[62]
sTREM2, t-tau, p-tau (+)[63,
64]
cortical thickness (+)[65]

GPNMB

Increased in AD patients[66]

Aβ plaques (+)[66, 67]

No change between controls, MCI, and
AD[46, 68]
Increased in cognitive impairment patients[69]
Increased in AD, VD patients[70]

Blood
sTREM2

• Safe, quick, and easy collection
• Different timepoint could be
measured
• Not necessarily reflect changes
in CNS
• Markers affected by a lot
of processes

CX3CL1

Increased in MCI and AD patients[59, 72]

CSF sTREM2 (+)[46]
MMSE score (-)[71]
cognitive impairment (+)[69]
risks of the development of
dementia (+)[70]
MMSE score (+)[72]

PROS1

Increased in 5XFAD mice[73]

pathology of AD (+)[73]

TSPO

Increased in AD patients[74–79]
Increased in MCI patients[75–78]

CB2R

• Directly reflects the change of
biological characteristics
• Sensitive and accurate
• Need developers
• Expensive
• Light radiation

CSF1R

Increased in mice[83]
Decreased in AD patients[84]
Increased in AD patients and model[88, 89]

P2RY12

Decreased in AD patients[93, 94]

Aβ deposition (+)[76, 80, 81]
tau pathology (+)[76, 78, 82]
cortical water diffusivity
(-)[77]
tauopathies (-)[85]
Aβ deposition (-)[86] (+)[87]
Aβ deposition (+)[89–91]
IL-1β (+)[92]
cognitive functions (-)[90]
AD pathology (-)[94, 95]
Aβ deposition (+)[96]
tau pathology (+)[99]
CSF sTREM2 (-)[102]

• Not need developers
• No radiation
• Expensive
• Low specificity

PET

MRI
iron deposits
Gray matter/ hippocampal
volume
water diffusion

Increased in AD model[96, 97]
Increased in AD patients[98]
Increased in AD patients[100]
Decreased in AD patients[101]
Decreased in AD model[103–105]

levels had a positive correlation with CSF Aβ42 [46–48, 52],
which suggests that higher sTREM2 represents lower Aβ deposition in the brain. In terms of tau, tau pathology was associated with increased CSF sTREM2 [46–49]. One possible
explanation is that microglial activation facilitates the removal
of Aβ deposition but aggravates tau pathology. Furthermore,
a study also showed a positive correlation between sTREM2
and CSF t-tau levels in patients with frontotemporal degeneration, and a positive correlation between sTREM2 and p-tau
levels in patients who might have AD pathology [53].
Increased sTREM2 likely represents microglial activation,

Aβ plaques (-)[104]

but whether such central immune activation is beneficial or
detrimental to brain functions remains unclear [52]. On one
hand, higher CSF sTREM2 was associated with less cognitive
decline [50], which suggests that TREM2-mediated
microglial activity may be beneficial in AD. On the other
hand, sTREM2 could directly trigger inflammatory responses
via NF-kB signaling in microglia [109] and high levels of
microglial sTREM2 expression predicted accelerated cortical
thinning and greater hippocampal volume loss [55], which
shows that microglial activation may also play a detrimental
role. In summary, the bulk of evidence indicates that sTREM2
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is closely related to the pathological changes and clinical manifestations of AD. Hence, sTREM2 can be a potential and
emerging biomarker that reflects microglial activation in AD.

CX3 Chemokine Ligand 1 (CX3CL1)
One of the neuron-secreted chemokines, CX3CL1, also
named fractalkine, binds to its sole receptor CX3CR1 predominantly expressed on microglia [13]. CX3CL1 tethered microglia to neurons, which could suppress microglial activation
[110]. Aβ-burden upregulated CX3CL1 levels in the cerebral
cortex and hippocampus [111]. In APP/PS1 mice, increased
CX3CL1 attenuated neuroinflammation and cognitive impairment [57]. Increased expression of CX3CL1 could also rescue
cognitive function, reverse neuronal loss, and increase life
span in tau depositing mice [58, 112]. As mentioned above,
CX3CL1 may increase early as a protective response to AD. It
was supported by the fact that CX3CL1 gene highly expressed
in brain regions vulnerable to AD-related changes [113].
Interestingly, there were significant positive correlations between CSF CX3CL1 with both T-tau and P-tau in SCD [51].
This may be a response to increased tau pathology in early
stages of the disease. It was supported by the fact that CSF
concentrations of CX3CL1 were associated with p-tau in MCI
patients [59]. A study reported that CX3CL1 was decreased in
the CSF samples from AD dementia patients compared to
control subjects [56]. Thus, CX3CL1 levels began to decline
in the progression of AD after reaching threshold value in
MCI. In summary, all the evidence suggests that the
CX3CR1/CX3CL1 axis plays a critical role in the progression
of AD, and CX3CL1 can be used to diagnose AD at the early
stages. The dynamic changes of CX3CL1/CX3CR1 axis in
AD warrant further studies.

Progranulin (PGRN)
PGRN is a glycosylated protein of 75–80kDa that can be
transported to lysosomes [114]. Confocal microscopy identified colocalization of PGRN in microglia, suggesting that
PGRN is expressed by microglia [62]. PGRN played a role
in the metabolism of lipids and proteases within the lysosome, and its dysfunction could induce AD due to a reduction in lysosomal and autophagic capacity [115]. PGRN
rs5848 variant was significantly associated with an increased risk of AD, and it had a synergistic effect with
APOE ε4 on AD risk [116]. And PGRN rs5848 variant
had a significant negative association with CSF PGRN
levels [117]. PGRN supplementation protected against Aβ
deposition via inhibiting beta-secretase 1 expression and
enhancing microglial phagocytosis [118]. PGRN deficiency
could exacerbate tau pathology and induce neuronal injury
[119]. The above evidence suggests that PGRN play a protective role in AD pathology. Studies found no changes in
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the concentration of PGRN in CSF from patients with AD
compared to normal controls [60, 61]. However, another
study found that CSF PGRN increased throughout the AD
process, including EOAD and LOAD [63]. The previous
studies found no difference probably because of small sample size. Levels of PGRN positively associated with Aβ
plaques and p-tau in AD brains [62]. CSF PGRN was found
to be associated with the microglial-derived protein
sTREM2, as well as markers of neuronal injury (t-tau) and
neurofibrillary tangle degeneration (p-tau) [63, 64].
Besides, higher levels of CSF PGRN were found to be related to increased cortical thickness in the early stages of the
AD continuum [65]. These results indicate that increased
PGRN levels is an early event in the development of AD
pathology. And the augmented PGRN levels reflected a
pathological response to increased amyloid and p-tau pathology, as well as an attempt to modulate chronic neuroinflammation and neuronal damage [65]. It is also supported
by another study that there were associations between
PGRN and Aβ42, t-tau and p-tau [120]. Therefore, increased levels of PGRN in AD brains could be considered
a reparative feature to prevent further progression of neuropathology. These results support the role of progranulin as
an early biomarker of neuroinflammation.

Glycoprotein NMB (GPNMB)
Dysregulation of inflammatory cascades is considered to
be a core pathological component of AD. Among all nonneuronal CNS cells, microglia are most intimately associated with neuroinflammation[121], suggesting that microglia are the primary cells involved in the immune and
inflammatory reactions in neurodegenerative diseases.
Inflammatory cascades potentially had an early pathogenic role in AD progression, before clinical manifestations
of the disease, and inflammation may be particularly deleterious in the presence of Aβ deposition [122]. There
was compelling evidence that GPNMB had a role in
inhibiting inflammatory response [123]. GPNMB is at
least partially localized to the cell surface, and its large
N-domain can be released into the extracellular space by
ADAM10-mediated ectodomain shedding [123].
Immunoperoxidase staining revealed that GPNMBimmunoreactive cells in the CNS were preferentially
stained with microglial markers [124]. GPNMB fragments
processed by furin-like proteases recognized a fraction of
Iba-1 microglia in vitro [125]. These results suggest that
GPNMB can be used as a specific marker for microglia.
In an APP/PS1mouse model, microglia which potentially
counteracted Aβ had an increased expression of GPNMB
gene [67]. Moreover, GPNMB gene were highly enriched
for microglia in APP knock-in mouse models [126].
Microglia had enhanced expression of GPNMB in the
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brains of AD patients [127]. Importantly, GPNMB was
elevated in brain samples and CSF of LOAD patients
compared to normal controls, and soluble Aβ had a direct
effect on GPNMB expression in microglia [66].
Therefore, CSF levels of GPNMB can reflect the activation state of microglia and disease progression to a certain
extent.

Blood Biomarkers
Because the use of CSF biomarkers is limited by invasiveness
and lack of acceptability, some researches are devoted to the
development of biomarkers in blood [128]. Acquiring a
blood-based biomarker is minimally invasive with minor side
effects (Table 1). Acquisition only requires venepuncture,
which can be performed by any trained phlebotomist.
However, measuring biomarkers for brain diseases in the
blood presents many challenges which require sensitive and
specific analyses, and careful verification. Brain-derived biomarkers are usually found in relatively low concentrations in
the blood because the BBB prevents molecules from freely
passing between the CNS and the blood chamber. Also, some
AD pathology-related biomarkers are expressed in non-brain
tissues, which might confound their measurement in the
blood. Also, there may be more heterophilic antibodies in
the blood. Furthermore, the analytes of interest may be degraded by various proteases in the plasma.

sTREM2
Considering that rare variants in TREM2 influenced CSF
sTREM2 levels, there is a difference in sTREM2 levels in
blood between carriers and noncarriers of TREM2 rare variants. However, a study found no significant differences in
plasma sTREM2 levels between carriers and noncarriers
[68]. But another study found plasma sTREM2 was positively
correlated with CSF sTREM2 in AD [46]. This indicates that
plasma sTREM2 may reflect the change of CSF sTREM2.
Plasma sTREM2 was positively associated with the MiniMental State Examination (MMSE) score [71]. This association was also supported by a cross-sectional study showing
that an elevated sTREM2 level was associated with the risk of
cognitive impairment [69]. Furthermore, plasma sTREM2
levels were positively associated with exacerbation of inflammation. A longitudinal study showed that higher plasma
sTREM2 levels were significantly associated with the risk of
developing AD [70]. Moreover, the incorporation of plasma
sTREM2 values into a model with known risk factors for
dementia improved the ability to predict the development of
dementia in the general population [70]. Although the bulk of
evidence indicates that plasma sTREM2 may be a novel
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marker of early-stage cognitive impairment, it has a lower
specificity compared to CSF sTREM2.

CX3CL1
There was a positive association between CSF and blood
levels of CX3CL1 in AD patients [59], which suggests
that CX3CL1 may be a potential blood biomarker. In
plasma, MCI and AD had higher levels of CX3CL1 than
control subjects [59, 72]. In addition, CX3CL1 levels
were decreased in severe AD patients (MMSE scores
≤14) than the patients with mild to moderate AD
(MMSE scores >14) [72]. Study also found that AD had
lower CX3CL1 levels than MCI [59]. Similar to levels
change in CSF, CX3CL1 levels in the blood also increased early and decreased later. This finding was
strengthened by that there was no difference between advanced AD and control subjects [56]. Furthermore, plasma CX3CL1 levels were positive associated with MMSE
scores [72]. Although the association with AD pathology
needs to be further verified, above findings indicate that
blood CX3CL1 could be a valuable biomarker in monitoring of disease progression.

PGRN
Blood PGRN were regarded as a useful AD biomarker
and could represent clinical severity in some studies
[129]. Plasma PGRN levels were associated with CSF
PGRN levels, which suggested that plasma PGRN levels
could predict PGRN changes in brain [117]. PGRN
rs5848 was significantly associated with a lower blood
PGRN levels in a gene-dose dependent manner [117,
130]. These findings are consistent with previous studies
reporting plasma PGRN levels as a biomarker to identify
mutations carriers [131]. A difference between AD and
controls was found in females [132]. Furthermore, plasma
PGRN levels had an inverse relationship with duration of
disease [132]. But a Spanish cohort detected no differences in serum PGRN levels between controls and AD
patients [133]. It was supported by the fact that blood
PGRN levels showed no difference between AD, MCI,
and control patients [134]. One possibility is that blood
PGRN cannot be used as a sensitive or specific biomarker
of AD. The other possibility is that current approaches fail
to accurately detect subtle changes in blood PGRN levels.
Thus, it is too much of a rush to regard PGRN as a blood
biomarker in AD.

Vitamin K-Dependent Protein S (PROS1)
PROS1 is attached to negatively charged phospholipids and it
signals phagocytes to remove the dead cells [135]. In vitro,
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Aβ was found to induce primary microglia to secrete PROS1.
This is also evidenced by the finding that PROS1 secreted
outside of microglia was increased in the hippocampus of
5XFAD mice [73]. Moreover, PROS1 was associated with
AD pathology, and the levels of serum PROS1 were significantly increased in the AD dementia group compared to the
MCI group and normal controls [73]. Furthermore, in the AD
group, global Aβ deposition and hippocampal volume were
highly correlated with serum PROS1 levels [73]. This indicates that serum PROS1 levels could reflect AD pathology.
Therefore, PROS1 may act as potential blood biomarkers for
predicting AD pathogenesis in the brain. Regrettably, there is
no study reporting the change of PROS1 in CSF.
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Substantial progress has been made in identifying neuroimaging biomarkers for AD, but financial and logistical issues limit
the use of these markers as front- line diagnostic tools.

Positron Emission Tomography
Given the potentially important role of activated microglia
in neurodegeneration, in vivo imaging of their functions
allows us to quantify and localize AD pathology, as well
as to evaluate novel therapeutic interventions (Table 1).
PET is the most widely used in vivo method for detecting
microglial activation.

Translocator Protein (TSPO)

Other Potential Fluid Biomarkers
A few articles have mentioned several molecules as possible microglia biomarkers. These molecules lack sufficient research support. Thus, they are not yet considered
as microglia biomarkers. However, it is important to note
that future research may reveal their potential as biomarkers. Cathepsin B (CTSB), a typical cysteine lysosomal protease, is produced by microglia [136]. CSF concentration of CTSB was significantly increased in the AD
group compared to controls [137]. Moreover, CTSB
levels were highly elevated in the plasma of AD patients
compared to normal controls [138]. However, no study
has reported the relationship between CTSB and AD pathology. Maresin1 (MaR1) is one of the specialized proresolving lipid mediators which play a role in the resolution of inflammation. MaR1 ameliorated Aβ-induced neuroinflammation by decreasing microglial production of
proinflammatory cytokines [139] and increasing
microglial uptake of Aβ42 [140]. Furthermore, levels of
MaR1 were lower in entorhinal cortex of AD patients as
compared to controls [140]. Thus, MaR1 concentration
may reflect the inflammatory status of microglia.
Unfortunately, no relevant studies have been reported
MaR1 changes in CSF or blood.

Neuroimaging Biomarkers
Another avenue to detect the activation status of microglia
in vivo is to use PET and MRI techniques (Fig. 2). Both
techniques are part of the clinical examination for patients
with suspected AD. The preclinical and clinical application
of the new tracers will undoubtedly improve our understanding of the neuroinflammatory process dynamics in aging and
neurodegenerative diseases. The new tracers will provide new
specific and measurable endpoints for the early evaluation of
the therapeutic effects on various neurological diseases.

TSPO, originally named the peripheral benzodiazepine receptor, is an 18-kDa outer mitochondrial membrane protein. It is
found throughout the body but it is at low levels in the healthy
CNS. TSPO expression in post-mortem normal and diseased
human brain was shown to primarily associated with activated
microglia, although its association with reactive astrocytes
was also observed [141]. Therefore, TSPO-PET imaging can
serve as a useful index of microglial activation and subsequent
neuroinflammation. As the first-generation radioligand,
[11C]-PK11195 provides relatively low signal-to-noise ratios
across different neurodegenerative diseases. In 3xTg-AD
mice, no significant differences were found in the uptake
values of PK11195 compared to age-matched groups [142].
One reason for this may be that microglial activation is not a
prominent feature of neurodegeneration in this model. EOAD
patients show significantly increased [11C]-PK11195 PET
binding [74]. [11C]-PK11195 binding at both baseline and
follow-up in the MCI individuals compared to normal controls
was increased by 41% and 21%, respectively [75]. Although
there was a longitudinal reduction of 18% in [11C]-PK11195
binding in MCI individuals over 14 months, AD subjects
showed a longitudinal increase [75]. This finding suggests that
there may be two peaks of microglial activation in the AD
trajectory in vivo, an early protective peak and a later proinflammatory peak. This can also be evidenced by another
finding that the levels of [11C]-PK11195 uptake were correlated with elevated Aβ deposition in MCI phase, and then
correlated with increased tau load in AD phase [76]. In addition to tau levels, [11C]-PK11195 also had an inverse association with cortical water diffusivity in MCI and early AD
cases [77]. Therefore, [11C]-PK11195 may be useful for measuring microglia activation in AD patients.
Second-generation radioligands can be labeled with [11C]
or [18F]. [11C]-PBR28 is a radioligand with a higher affinity
for TSPO, a lower signal-to-noise ratio, and more favorable
pharmacokinetics compared to PK11195. In postmortem cortical tissue, increased [11C]-PBR28 binding was significantly
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associated with AD risk genetic variation (rs2997325) [143].
In both the MCI and AD subjects, there was a significantly
positive correlation between levels of [11C]-PBR28 binding
and tau aggregation [78]. An analysis of variance showed a
significant increase of [11C]-DPA713 binding potential
(BPND) in all brain regions in the AD group, whereas no
significant differences between the groups were found when
[11C]-PK11195 was used [144]. The [11C]-DPA713 BPND
was greater in the temporoparietal regions of AD patients than
normal subjects, and there was a positive correlation between
[11C]-DPA713 BPND and tau aggregation linked to cognitive
impairment in the parahippocampus [82]. Radioligands based
on [18F] have a half-life approximately five times longer,
increasing their utility. [18F] F-DPA uptake was significantly
increased in the transgenic animals compared to wildtype controls in vivo and ex vivo [145]. [18F]-FEPPA binding was
higher in AD patients compared to the MCI subjects or
healthy volunteers with the rs6971 polymorphism [79].
Furthermore, researchers found significantly increased uptake
of [18F]-PBR111 in the brain, indicating the ability of this
tracer to monitor for clinical signs of worsening inflammation
during disease progression [146].
[18F]-GE-180 is a third-generation TSPO-specific
radioligand with high affinity. There was a significant correlation between Aβ burden and higher [18F]-GE-180 uptake in
four Aβ mouse models [80]. In the APP23 mouse model, the
binding of [18F]-GE-180 increased in areas of early amyloidosis and then plateaued at an earlier stage of pathogenesis
[147]. The PET standard uptake value ratio (SUVR) of
[18F]-GE180 showed a linear positive association with amyloidosis [81]. Furthermore, increased [18F]-GE180 binding in
the early stages of the disease predicted better cognitive outcomes and higher synaptic density in PS2APP mice [148].

Cannabinoid Receptor 2 (CB2R)
The endocannabinoid system has two main receptors, type 1
(CB1R) and type 2 (CB2R). The expression of CB2R was
significantly upregulated in microglial cells located close to
neuritic plaques, but not in the healthy CNS [149]. In APP
mice, marked CB2R expression was identified in activated
m i c r o g l i a , a n d C B 1 - C B 2 i nt e r a c t i o n s r e g u l a t e d
endocannabinoid function [150]. Furthermore, activation of
microglial CB2R largely attenuated Aβ deposition and neuroinflammation, as well as improved cognitive capacity [151,
152]. Moreover, the anti-inflammatory effects of CB2R might
be realized by activating the PPAR-γ pathway [153].
Importantly, there is considerable evidence to suggest that
CB2R is involved in the pathogenesis of AD. For example,
CB2R deficit was found to reduce Aβ degradation and aggravate the toxicity of Aβ by reducing IDE [86]. Meanwhile,
CB2R deficit induced AD-like tauopathy, learning and memory impairment, and mitochondria dysfunction in mice [85].
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However, another study detected a significant reduction of Aβ
deposition in both cortices and the hippocampus of aged APP/
PS1*CB2−/−mice compared with APP/PS1 mice [87]. The
reason for this discrepancy might be that microglial activation
plays distinct roles in different stages of AD pathology. [11C]NE40 is a radiotracer to detect CB2R by PET. The SUVR of
[11C]-NE40 binding was significantly higher in early neurodegeneration of mice [83]. However, AD patients showed
significantly lower [11C]-NE40 binding compared to normal
controls in another study [84]. All the above-mentioned evidence suggests that the expression of CB2R in microglia increases in the early stage of AD, then decreases in the late
stages of AD. Thus, CB2R levels reflect not only the severity
of symptoms but also the entire dynamic disease pathology.

Macrophage Colony-Stimulating Factor 1 Receptor
(CSF1R)
Although there is a low expression level of CSF1R in neurons,
it is mainly expressed in microglia in the brain [154].
Microglial survival and proliferation are reliant upon CSF1R
function. For example, in young 5XFAD mice, inhibition of
CSF1R signaling led to the ablation of microglia [90, 91]. This
phenomenon was also found in P301S mice [92]. Stimulated
CSF1R induced a pro-inflammatory phenotype of microglia,
which downregulated the gene expression related to Aβ removal [88]. In contrast, inhibition of CSF1R signaling led to a
reduction of both intraneuronal amyloid and neuritic plaque
accumulation [90, 91]. In addition to reduced plaque burden,
CSF1R inhibition also led to changes in plaque morphologies
and properties [155]. Furthermore, CSF1R blockade reduced
the expression of IL-1β, which attenuated tau pathology and
prevented motor neuron degeneration in P301S mice [92].
Moreover, CSF1R blockade also improved hippocampal contextual memory in young 5XFAD mice [90]. The genes
encoding CSF1R and macrophage colony-stimulating factor
1 (CSF1) were upregulated in stage 2 of disease-associated
microglia (DAM) [156]. In the AD patients, there was a significant increase in mRNA levels of CSF1R and CSF1 compared to MCI patients or normal controls [88]. And they had
significant correlations with Aβ plaques and tau pathology in
the brain. [11C]-CPPC is a high-affinity ligand specific for
CSF1R. Specific binding of [11C]-CPPC was increased in
mouse models of neuroinflammation (up to 59%), in murine
models of AD (31%), and in post-mortem AD brain compared
to controls [89]. In summary, all the above evidence suggests
CSF1R as a viable target for imaging inflammation in general
and neuroinflammation specifically.

Recombinant Purinergic Receptor P2Y(P2RY12)
P2RY12(P2Y12) is a member of the P2 purinergic family of
receptors, a seven transmembrane-spanning G protein-
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coupled receptor that responds to ADP/ATP by increasing cell
migration. P2Y12 is mainly expressed on microglia [95]. In
the brain of AD cases, there were decreased levels of total
P2RY12 proteins compared to non-demented individuals
[93]. It may be attributed to decreased immunoreactivity of
P2Y12 in plaque-associated microglia in AD [95]. This is
supported by the evidence that in the AD patients immunized
against Aβ42, P2RY12 levels were increased compared to
AD patients without intervention [94]. Furthermore,
microglial expression types of P2RY12 depend on the associated plaques or tangles [93]. The above evidence suggests that
the expression of P2RY12 is negatively associated with neuroinflammation and AD pathology. Therefore, P2RY12 may
be a useful marker for the identification of microglia in AD.
Recently, a study developed a novel PET tracer—ethyl6-(3-(3-((5-chlorothiophen-2-yl)sulfonyl)[11C]ureido)azetidine-1-yl)-5-cyano-2-methylnicotinate ([11C]-5)—to
identify P2RY12. Binding of [11C]-5 was 1.4-fold higher in
the brains of mouse exposed to anti-inflammatory stimuli
compared to normal mouse brains [157]. Unfortunately,
[11C]-5 has not been used in clinical trials in patients with
AD. In the future, more practical P2Y12 markers need to be
found for intravital imaging.

Magnetic Resonance Imaging
Developing an in vivo MRI microglia biomarker would be of
great value since MRI is more widely available. MRI does not
require the use of a radioactive tracer and a highly-specialized
infrastructure compared to PET (Table 1). Microglia could
take up iron, which could result in a reduction of autophagy
and IDE secretion [158]. The increase of microglial iron inclusions was related to the increase of plaque iron load and
brain iron [96]. Furthermore, increased iron content in the
brain could accelerate plaque formation and increase the aging
morphology of Aβ. In APP/PS1 mice, MRI and immunohistochemical analysis showed that iron accumulation occurred
in microglia, which led to altered metabolism and compromised function [159]. Meanwhile, co-registration of the MRI
with the histology suggested that foci located in the AD hippocampus represented iron deposited within microglia [97].
MRI of post-mortem brain tissue showed that AD patients had
a different cortical appearance compared to control subjects,
and the EOAD patients were generally more affected on MRI
compared to LOAD patients [98]. Importantly, iron was the
predominant source of different MRI outcomes. Iron-based
MRI found that iron distribution in the frontal cortex was
different between AD and normal controls [99]. Moreover,
there were significant correlations between iron accumulations and Aβ plaques, and between iron accumulations and
tau pathology. Therefore, iron has the potential to become a
microglia biomarker in AD.
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A study showed that microglial genes partly explained the
relationship between AD and decreased hippocampal volume
[160]. Moreover, a longitudinal reduction of nucleus basalis
volumes was associated with a longitudinal increment of CSF
sTREM2 levels [102]. In the early stages of AD, MRI showed
that higher gray matter volumes and higher hippocampal volumes were associated with early microglial activation [100].
However, another MRI study showed a negative correlation
between hippocampal volume and microglial activation in AD
[101]. One explanation is that the subjects were in different
stages of AD. In summary, we can detect gray matter/ hippocampal volume by MRI to reflect microglial activation.
Recently, special forms of MRI are commonly used in
clinical and laboratory studies. Diffusion tensor imaging
(DTI) and diffusion-weighted imaging (DWI) rely on water diffusion. In 3xTg hippocampus, DTI showed that
fractional anisotropy (FA) was reduced 33% compared
to control mice [103]. Moreover, in APP/PS1 mice,
neuroimage analysis using DTI and resting-state functional magnetic resonance imaging (rs-fMRI) showed reduced
FA in the initial presence of Aβ plaques [104].
Considering that clustered microglia played crucial roles
at the initial stage of Aβ deposits, these neuroimaging
changes may be used to reflect microglial activation.
Diffusion compartment imaging (DCI) is a novel approach based on DWI. A DCI study showed that fraction
of extra-axonal restricted diffusion was compatible with
dynamics of reactive microgliosis and that there was a
strong association between the fraction of extra-axonal
restricted diffusion and microglial density [105]. This
suggests that DCI is capable of mapping reactive
microgliosis. In summary, special forms of MRI provide
a new option to detect microglial activation.

Conclusion
Microglia play an intricate role in different stages of AD.
Understanding of AD changes to a comprehensive perspective in which neurons and microglia work together
with each other. Microglia are involved in supporting
neurons or damaging neurons, neuroinflammation, sensing, housekeeping, and degrading Aβ and tau [10]. All
these processes are dysfunctional in AD. Current AD therapies are focused on neuronal protection and pathology in
CNS [1]. But clinical trials treating Aβ and tau have so
far failed to produce satisfactory results. Since microglia
are widely involved in the normal physiological function
of CNS, enhancing positive and suppressing adverse functions may maintain healthy brain function for a long time.
Therefore, microglia biomarkers are getting more and
more attention because it built a bridge between diagnosis
and therapies. With the evolution of AD diagnostic
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criteria, novel microglia biomarkers need to be developed.
Selection of appropriate biomarkers can reflect the dynamic changes of microglial function from preclinical to
end-stage AD. Fluid and imaging microglia biomarkers
can detect the earliest stages of microglial activation at
prodromal stages. However, due to the overlap of pathological features between normal and dementia patients and
between patients with various types of dementia, perfect
differentiation of health and disease by biomarkers remains a major challenge. Another critical point is related
to the microglia specificity of these biomarkers. For example, sTREM2 is exclusively derived from microglia in
the CNS, but in the periphery, sTREM2 has other sources
such as osteoclasts and dendritic cells [161]. The imaging
biomarkers similarly lack microglia specificity, since
TSPO is also expressed in astrocyte [141]. Novel
in vivo biomarkers for CX3CR1 or P2RY12 that are more
microglia specific is potential new targets [93]. The continuous development of neuroimaging technology will also provide a broad stage to microglia in the diagnosis of
AD. Although some molecular markers show excellent
recognition performance, it is necessary to break the barrier that they cannot be detected in vivo [162].
Developing new microglia biomarkers will enable measuring this vital cell population and its responds to pathology. Although the study of microglia biomarkers may not
generate a useful treatment in a short time, they will undoubtedly evolve our knowledge of AD.
It faces many challenges to incorporate microglia biomarkers into the research framework. Firstly, the dynamic
changes of microglia biomarkers are not a single response
to AD pathology. Secondly, the relation between microglia biomarkers with AD pathology is susceptible to other
confounding factors. Lastly, the accuracy of biomarkers is
affected by sample collection and storage. Microglia biomarkers and research framework should evolve in future.
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